In the protein disulfide-introducing system of E. coli, plasma membrane-integrated DsbB oxidizes peiplasmic DsbA, the primary disulfide donor. While the DsbA-DsbB system utilizes oxidizing power of ubiquinone under aerobic conditions, menaquinone is believed to function as an immediate electron acceptor under anaerobic conditions.
INTRODUCTION
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and the second transmembrane region impair the UQ8-dependent DsbB oxidation in vivo (13, 16, 17) . In particular, importance of the length of this segment (17) as well as of the Arg48 residue (16) for the quinone-DsbB interaction has been proposed.
More recently, peculiar states of DsbB-bound UQ have been described. Bardwell and coworkers (18) suggested that UQ on DsbB constitutively forms a quinhydronetype charge-transfer complex consisting of a hydroquinone and a benzoquinone moieties and having a strong absorption at 505-510 nm. In contrast, we have shown that UQ undergoes a spectroscopic transition to exhibit an absorption peak at~500 nm, only when it is on special states of DsbB (11) . One of such forms is the DsbA-DsbB complex, in which DsbA and DsbB is held together by an intermolecular disulfide bond between Cys30 of DsbA and Cys104 of DsbB. Mutational analyses indicated that generation of reduced Cys44 in DsbB is primarily responsible for the color development and that the important sequence/structural features around this residue (as discussed above) are also required for the UQ "red-shift". Although DsbA itself is not directly required for the UQ anomaly, a disulfide rearrangement in the DsbA-DsbB complex, as demonstrated by Kadokura and Beckwith (19) , will generate reduced Cys44 and, hence, the spectroscopic transition of UQ. More specifically, engagement of Cys104 in the mixed disulfide formation with Cys30 of DsbA renders Cys130 reduced, which in turn attacks the Cys41-Cys44 disulfide to form a Cys41-Cys130 disulfide and to reduce Cys44. On the basis of these observations and considerations, we proposed that the spectroscopic transition of UQ represents its activated state that drives electron transfer and resolution of the DsbA-DsbB complex in a manner overcoming the reversed redox 6 potential difference (13, 14, see also 20 for a contrasting view) between DsbA and DsbB active site cysteine pairs (11) .
DsbA-dependent disulfide bond formation is not impaired in anaerobically growing E. coli cells (7, 10. 16) , in which MK is the prevailing quinone species (21) .
MK is indeed believed to play an electron-accepting role like UQ in the DsbA-DsbB system (7, 16) .
However, MK reactivity with DsbB has not been studied systematically. The first indication for the in vivo importance of MK was provided by our observation that mutational impairment of both of the UQ and the MK biosynthetic pathways resulted in dysfunction of the DsbA-DsbB system (9). Kadokura et al. (16) showed that some Arg48 substitutions of DsbB resulted in a low-activity enzyme that can no longer utilize a MK-analogue, menadione, as an in vitro electron accepting substrate.
The present study was aimed at characterizing the MK-dependent pathway of oxidative protein folding. Here, we identified the MK molecular species, MK8, that is associated with DsbB in the absence of UQ, and showed that its interaction with DsbB is similar to that of UQ, including a striking spectroscopic transition elicited by the special states of DsbB. In vitro reaction of DsbA oxidation with MK8 proved slower than the UQ-dependent reaction and we characterized this reaction in some details to gain further insights into the molecular pathways of quinone-coupled and DsbB- (3, 23) , TA36 (KS272, ubiA::Cm) (9) and AN384 (ubiA420 menA401) (21) were grown at 37˚C in L-medium supplemented with 90 mM sodium phosphate (pH 7.5), 0.1 mM UQ1 (Sigma) and appropriate antibiotics. Exponentially growing cells were harvested by centrifugation, washed with the same medium without UQ1 and then re-inoculated into the UQ1-free medium. After overnight shaking, cells were diluted into the same medium for additional 3 hr growth at 37˚C. Cultures were directly treated with trichloroacetic acid (5%) to "freeze" the redox states of proteins, which were dissolved in SDS solution containing AMS and subjected to SDS-PAGE and antiDsbA immunoblotting (9) . In this assay, reduced DsbA is mobility-shifted due to the AMS modification.
Preparation of various forms of DsbB and DsbA
All the DsbB derivative proteins used in this work contained a His 6 -tag attached to the C terminus and their non-essential cysteine residues, Cys8 and Cys49, mutated to Ala and Val, respectively (7) . This DsbB variant is simply referred to as DsbB in this study.
Site-directed mutagenesis was carried out using the QuickChange mutagenesis kit (Stratagene) with appropriate sets of primers. DsbB and its mutant forms were overexpressed and purified as described by Inaba et al. (11) . DsbA was overexpressed and purified as described by Inaba and Ito (13). The plasmid encoding DsbA(C33S) 8 was described previously (11) .
To prepare DsbB without endogenously bound quinones, it was overproduced in the ubiA menA double mutant strain, AN384 (21) as described by Inaba et al. (11) .
This quinone-free DsbB protein is referred to as DsbB( Q), which contained less than 0.05 molar equivalent of quinones as determined by UV spectrum measurements before and after reduction with NaBH 4 (10) .
To prepare DsbB with endogenously bound MK, it was overproduced in the ubiA mutant strain, TA36. Plasmid-bearing cells were grown first in the presence of UQ1
and then in its absence as described above, except that the final cell growth was started at a turbidity of 60 with a Klett colorimeter (filter no. 54) in the presence of 10 µM isopropyl-1-thio--D-galactopyranoside and continued for 4 hr. DsbB then purified by standard procedures (11) is referred to as DsbB(MK).
Purified DsbA was reduced by incubation with 20 mM DTT for 30 min, followed by gel filtration (PD-10 Sephadex column, Amersham) to remove DTT. DsbB was similarly reduced with DTT but more careful gel filtration steps were required because it is prone to rapid air oxidation in the absence of DTT. Thus, we first equilibrated Bio-Spin resin with degassed buffer (50 mM sodium phosphate pH 8.0, 0.1 M NaCl, 0.1% DDM) containing 20 mM DTT for 30 min, which was then washed thoroughly with degassed DTT-free buffer before loading of a DTT-reduced DsbB preparation.
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described by Bader et al. (10) . Four milliliter of a DsbB(MK) solution (6 mg/ml) was mixed with 6 ml of methanol ( 20˚C) and then extracted with 10 ml of hexane four times. The combined hexane phases were evaporated to dryness under vacuum and residual materials were dissolved in 1 ml of ethanol. Using a Shimadzu LCMS-2010A instrument, 5 µl portion was separated by Shim-pack VP-ODS reverse phase column chromatography, using elution with methanol-isopropanol (3:1) and flow rate of 0.2 ml/min. Peak fractions were then subjected to electrospray ionization-mass spectrometry with scanning for m/z 900 to m/z 100 in 1 sec Finally, the DsbB reactions were followed by spectroscopic changes of a quinone species. To follow absorption changes at 550 nm during the reaction between reduced DsbA and DsbB(MK), absorption spectra from 400 to 700 nm were scanned at various time points after a 1:1 mixing of DsbB(MK) (80 µM) and reduced DsbA (80 µM).
The buffer solution was 50 mM sodium phosphate (pH 8.0) containing 0.1 M NaCl and 0.02% DDM.
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RESULTS
MK-dependent in vivo oxidation of DsbA
MK is considered to be a major anaerobic quinone species (21) . It is also believed to function as an immediate electron acceptor of the DsbA-DsbB redox system under anaerobic conditions (7, 10 DsbB interacts with MK8 but not with DMK8 in the absence of UQ E. coli contains three major quinone compounds, UQ8, MK8 and DMK8 (24) . DsbB is purified from aerobically grown E. coli cells as a complex with UQ8 (10). To examine whether DsbB is still complexed with a quinone species in the absence of UQ, we expressed it in cells of ubiA mutant that had been deprived of UQ1. DsbB was purified and the preparation was subjected to extraction with organic solvents (EXPERIMENTAL PROCEDURES). Upon reverse phase column chromatography, the extracted materials gave two peaks, minor (peak I) and major (peak II), in addition to some materials of early retention times ( Assuming that the extinction coefficient difference between oxidized and reduced MK at 245 nm is 25.84 mM 1 cm 1 (24) , it was calculated that our DsbB preparation from the UQ-free cells contained equimolar amounts of the DsbB polypeptide and MK8. In conclusion, DsbB specifically interacts with MK8 to form a 1:1 complex.
Specific oxidation of the 41-44 cysteine pair of DsbB by MK
To characterize the reactivity between MK and DsbB, we first reduced DsbB( Q) that had been purified as a quinone-free form from the ubiA menA double mutant cells (11) 
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MK analogue lacking the hydrophobic carbon chain, as a MK equivalent for analysis of the DsbB functions in vitro. We found, however, that the menadione reactivity was non-specific in that it oxidized not only the Cys41-Cys44 but also the Cys104-Cys130 pairs of DsbB (Fig. 3C) . Similar reactivity was also noted for UQ 0 , a UQ-analogue without hydrophobic side chain 2 . These results suggest that a hydrophobic isoprenyl chain of quinone molecules is important for their specific interaction with DsbB to create the correct intramolecular disulfide bond.
MK acts as a competitive inhibitor in the UQ-dependent DsbA oxidation reaction by DsbB
The DsbB-mediated DsbA oxidation reaction in vitro is a few orders of magnitude slower in the presence of MK4 than in combination with UQ 3 . If MK4 and UQ share a specific binding site on DsbB, MK4 may interfere with the UQ-dependent rapid reaction of DsbA oxidation. Indeed, we observed inhibitory effects of the MK4 addition to the DsbA-DsbB-UQ oxidative reaction. To investigate the mode of this inhibition, the UQ concentration dependence of initial rates of DsbB-catalyzed DsbA oxidation was determined in the presence or the absence of 30 µM MK4 (Fig. 4A ).
The reduced DsbA was used at a concentration of 20 µM, well above the K m value of DsbB against this substrate (10) . The results were curve-fitted to the MichaelisMenten equation (Fig. 4A ) and also subjected to the Lineweaver-Burke plot (Fig. 4B ).
These analyses yielded an apparent K m of 2.0 µM for UQ1 in the absence of MK4, while it was increased to 7.1 µM in the presence of MK4. 
Reduced Cys44 of DsbB induces an anomalous state of MK with distinct visible color
We showed previously that disulfide-linked complex between the DsbA(C33S) variant and wild-type DsbB is pink-colored due to an anomalous electronic state of the bound UQ. In this complex, Cys44 of DsbB gets reduced due to an intramolecular disulfide rearrangement, and evidence suggests that the reduced state of Cys44 is primarily responsible for this "activation" of UQ (Fig. 5A samples 1 and 2) (11). Whereas the quinone-free preparation of DsbB from the ubiA menA double mutant was colorless (11), DsbB prepared from the ubiA single mutant was slightly bluish (Fig. 5A, sample 3 ).
Like the case of UQ-bound DsbB (11) (Fig. 5A , sample 2), striking color development was observed when DsbA(C33S) was supplemented to this DsbB preparation (referred to as DsbB(MK)), which carried bound MK8 (Fig. 5A , sample 4). Whereas UQ gave pink color, the MK-conjugate was violet. The absorption peak of the DsbA(C33S)-
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DsbB(MK) complex was found at 550 nm ( Fig. 5B ) in contrast to the 500 nm peak observed for the DsbA(C33S)-DsbB(UQ) complex (11) The following observations suggest that, like what we observed previously with the UQ color development (11), the MK transition is caused non-covalently by the thiolate anion-form of the correctly positioned Cys44. First, the color development was pH-dependent ( Fig. 5E ) with an apparent pK a value (6.6 ± 0.2; Fig. 5F ) that was virtually identical with the pK a value determined previously for the UQ color development. Secondly, the MK color development was sensitive to a thiol alkylation reagent, iodoacetamide (Fig. 5H) . Finally it was also abolished by a protein denaturant, guanidium hydrochloride (Fig. 5H ).
Spectroscopic and gel electrophoretic dissection of the DsbA oxidation reaction catalyzed by DsbB(MK)
We followed in vitro reactions between 40 µM each of DsbB(MK) and reduced wildtype DsbA at 30˚C and at pH 8.0, a more physiological condition than the reaction we used previously for DsbB(UQ) and DsbA (0˚C, pH 9) (11). During the course of the incubation, portions were sampled and immediately mixed with trichloroacetic acid to terminate any redox reactions. Acid-denatured proteins were solubilized in SDS and modified with AMS to examine the redox states of DsbA and DsbB (11) . As shown in by the electrophoretic analysis, in which DsbB was transiently and partially reduced (Fig. 6C, inset) . It is likely that MK was "activated" in the rapid reaction mode as well as in the slower reaction (see below).
In the slow mode of the reactions (10-200 min), we noted that the appearance/decay curve of the DsbA-DsbB complex (Fig. 6B , filled triangles) was very similar to that of Abs 550 (Fig. 7B) . These results strongly suggest that the disulfide- 
DISCUSSION
Under anaerobic conditions, cellular concentration of UQ decreases relative to those of MK species, which are generally considered to take part in the quinone-assigned biological roles in the absence of oxygen (28) . We mimicked anaerobic cellular conditions with respect to quinone molecules by genetically impairing the UQ biosynthetic pathway. Although DMK8 is more abundant than MK8 in UQ-deficient cells (21), we found that DsbB is associated almost exclusively with MK8. This specificity may be determined by structural features of quinone rings, which will protrude from the membrane and be recognized by DsbB. One such determinant may be the methyl group at 2-position of the naphtoquinone ring of MK8. We noted also that DsbB-UQ interaction was significantly impaired when the methoxy groups at 2-and 3-positions were replaced by bulkier side groups 4 . Each side chain of the quinone ring seems to contribute to the specific DsbB-quinone interaction.
We have also shown here that the hydrophobic isoprenyl unit of quinones is critical for their ability to oxidize selectively the Cys41-Cys44 pair of DsbB. Menadione, lacking the hydrocarbon chain, behaved as a non-specific oxidant against DsbB.
Perhaps, menadione has lost the specificity to the membrane-integrated DsbB enzyme in expense of its increased aqueous solubility; membrane-anchoring of quinone molecules will be important for the physiological electron flow from DsbB. Our finding suggests that previous in vitro results using menadione (7, 16) need careful reevaluation.
We studied MK-dependent DsbB activities in two in vitro experimental settings, 21 one using endogenously formed DsbB-MK8 complex purified from ubiA cells and the other using quinone-free DsbB purified from ubiA menA cells in combination with commercially available MK4 as an exogenous source of MK. We reasoned that MK4 interacts with DsbB in physiologically relevant manners since it oxidized selectively the Cys41 and Cys44 pair in DsbB to activate its ability to oxidize reduced DsbA (Figs. 3) .
However, MK4-dependent DsbA oxidation reaction proved very slow, in which the rapid oxidation mode observed with MK8 ( Fig. 6 ) was almost absent 3 . The lack of the rapid reaction with MK4 allowed us to demonstrate that MK4 acts as a competitive inhibitor against the UQ-dependent reaction of DsbB. Thus, MK enters the enzymatic reaction pathway using the same molecular route as UQ.
As discussed below, both the UQ-dependent and the MK8-dependent reactions contained very rapid and slower reaction components (11) (Fig. 6 ). Both of these modes of reactions are distinctively slower when driven by MK8 than by UQ (note that the previous UQ-dependent reaction was carried out under far more unfavorable pH and temperature conditions than those used in this study for the MK-dependent reaction).
A factor that contributes to the slow reaction of the MK-pathway will be the low redox potential (-74 mV) of MK in comparison to that of UQ (+110 mV) (28) . While either quinone compound is more oxidizing than DsbA (redox potential of 122 mV) (25, 29) , the overall thermodynamic driving force provided by MK8 (48 mV higher redox potential than DsbA) might be insufficient for the reaction to proceed as rapidly as that driven by UQ (232 mV difference). reduction of DsbB Cys44 is a key event that triggers the UQ transition (11) . By the intramolecular disulfide rearrangement mechanism originally described by Kadokura and Beckwith (19) , the formation of DsbA-DsbB complex leads to the reduction of Cys44.
We believe that the DsbA-DsbB intermediate complex represents a physiological situation, in which the UQ transition takes place, and that the UQ anomaly is a key element for this system to drive the reaction forward.
In the present study, we have shown that MK8 undergoes similar spectroscopic Taken together the information obtained in this study, we believe that MK facilitates the same reaction pathways of DsbA oxidation as those facilitated by UQ.
However, the MK-dependent reaction was much slower than the UQ-driven DsbA oxidation reaction. Thus, the color development was observed for a wider range of the reaction time. The slow MK-dependent reaction enabled us to observe the occurrence of the two reaction modes more clearly than the previous UQ-dependent reaction (11).
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In the slower mode, oxidized DsbA was produced along with the oxidized DsbB by resolution of the DsbA-DsbB complex, whose levels correlated quantitatively with the intensity of Abs 550 . The fact that both of the resolution products were in their oxidized forms means that electrons must have been accepted by the MK molecules. These results give a positive answer to the question (14, 20) of whether the DsbA-DsbB complex can actually be regarded as a reaction intermediate.
In the initial phase, DsbA was oxidized much more rapidly, in which partially reduced DsbB forms accumulated briefly. We believe that this reaction involved more than a simple disulfide exchange between DsbA and Cys104-Cys130 of DsbB, because very rapid MK transition was clearly observed for this time window in a manner correlated with the appearance of the partially reduced DsbB species. Although Cys44 appears to be reduced, the exact molecular forms that elicit the initial MK transition remain to be determined experimentally. The question of how these two modes of reactions are selected also remains to be addressed. Our observation that the MK4-dependent reaction apparently lacks the rapid mode might point to the involvement of quinones for this commitment as well. Our results suggest that characterization of DsbB reactions in combination with different quinone species may provide invaluable insights into the molecular mechanisms of the protein disulfide bond introduction. 
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